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ABSTRACT

Author: Kshirsagar, Vaibhav, R. MSAAE
Institution: Purdue University
Degree Received: December 2017
Title: Development and Validation of Vapor Flow Modeling in Lyophilization
Major Professor: Alina Alexeenko
Freeze drying is a time consuming, expensive process to ensure drug stability and increase
shelf life of drugs that are not stable in solution. The process can be optimized for production scale
freeze dryers but this requires scale up from lab scale process design. The methods currently in
place to characterize freeze dryers are important. This work presents a Computational Approach
as a tool to reduce the number of experiments required and study the heat transfer in freeze dryers.
In freeze-drying processes, the equipment capability curve is a critical part of the design
space. Understanding of the equipment capability limits is important for process design, transfer
of cycles from one manufacturing site to another and scale up. Two experimental methods are
presented to determine equipment capability, the Choked Point Flow and Minimum Controllable
Pressure Test. A computational model to generate the equipment capability curve is also presented
and compared with experimental vapor flow rate data obtained using the tunable diode laser
absorption spectroscopy. Experiments on Lyostar 3 show that the Minimum Controllable Pressure
test is 66% faster than the Choked Point Flow method. Experiments performed on a laboratoryscale Lyostar2 and Lyostar3 freeze dryers are used for validation of the computational modeling.
The simulations for Lyostar 2 are on average within 4.8% from the experimental data. From
computations, it is evident that the isolation valve is a critical component of the system and
influences the minimum controllable chamber pressures by as much as 23.7%. The data analyzed
in this paper points to the utility of Computational Fluid Dynamics in establishing equipment
capability limits.
Monitoring the sublimation rate in lab scale freeze drying process is important to help
optimize the cycle. The current methods to determine sublimation rate include gravimetric
measurements and TDLAS. The gravimetric methods do not provide real time sublimation rate
data. The current work discusses two methods to determine the vapor flow rate: using heat flux
sensors and through a numerical model. The method based on heat flux sensors measures the total
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amount of heat to the product through conduction from the shelf. Additional heat input through
radiation needs to be calculated. Calibration tests and minimum controllable pressure tests are
conducted and compared with a CFD model. The second approach is a soft sensor which uses the
chamber and condenser pressure data from experiments to determine the sublimation rate via a
CFD model. Both approaches have the potential to be real time sublimation rate monitoring
methods.
There has been some debate in the literature on the contribution of convection in the total
heat transfer to a product. The non-uniformity in drying vials on a shelf, where the edge vials dry
faster can be attributed to additional heat transfer to these vials. This work presents an overview
of the vapor velocity magnitudes in a lab scale freeze dryer for different sublimation rates and shelf
gap heights. Using previous experimental data from literature, a CFD model is built to calculate
the convective component of heat transfer using empirical relations for heat transfer. The
contribution of convection to the heat transfer of product vials has been found to be anywhere
between 20 to 25%.

1

1. INTRODUCTION

The Freeze Drying Process
Freeze drying or lyophilization is the process of removal of water from a pharmaceutical
product containing an active drug product to improve shelf life and enabling easier storage and
transport. Stability of the protein determines the efficacy of the drug product and thus it is
important to maintain the structure of the protein. Freeze drying involves the sublimation of water
vapor at extremely low pressures and temperatures which ensures slow but steady removal of water.
The entire process of lyophilization can be divided into the following main components: Freezing,
Primary Drying and Secondary Drying. The primary drying stage is where bulk of the water is
removed. However, some of the water that has been adsorbed and not frozen during the freezing
stage needs higher temperatures, which is provided in the secondary drying stage.
The product or the solution is usually loaded in vials that are stacked onto shelves. These
shelves have channels for a heat transfer fluid to facilitate temperature control. During the freezing
stage, the vials are cooled to temperatures around -40C. After the temperature has stabilized for
long enough, the chamber pressure is reduced to a few milliTorrs. Keeping the pressure constant,
the shelves are gradually heated, which facilitates the sublimation of ice crystals. The entire
process can be represented on a P-T graph of water as shown in Fig 1.1.
The process of freeze drying can take a long time and is significantly influenced by the
nature of the product. Water from amorphous solids needs to be removed very slowly to preserve
the product and the cycles can last as long as a few days. The efficiency in a process, defined as
the ratio of total heat required to sublime the quantity of water to the total heat supplied, is
extremely low (~3%). It is a time and energy intensive operation because it requires a significant
heat to sustain water sublimation (taking about 45% of energy input) while maintaining the
vacuum environment (about 26% of energy).
A typical freeze-drying operation starts by loading the shelves of a freeze dryer with
product vials or ice slabs. The shelf temperature is controlled using a heat transfer fluid which
flows inside in a serpentine pattern. After the product is completely frozen, the pressure is pulled
down to a desired setpoint. A port bleeding nitrogen in the chamber maintains the chamber pressure
at the setpoint regardless of the sublimation rate of water. When, the primary drying begins, the
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subliming water vapor moves towards the condenser coils which are maintained at very low
temperatures and freezes. A vacuum pump connected to the condenser helps drive the flow towards
the condenser and also serves as an exit for the nitrogen in the chamber. Fig 1.2 shows the
schematic of a lab scale freeze dryer.

Figure 1.1 Pressure Temperature graph of water showing the freeze-drying process

Figure 1.2 Schematic of a lab scale freeze dryer showing nitrogen and vacuum connections
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Design Space and Equipment Capability
The development of a successful freeze-drying process requires understanding of the product,
process and equipment. The concept of design space is a key element of the QbD approach for
pharmaceutical manufacturing. In a quality-by-design approach, an optimum path will be chosen
which guarantees that the product will not fail and the process parameters will not go beyond the
decided criteria. This can be summarized on a design space plot. In a freeze-drying process, the
design space has isotherms for product temperatures and shelf temperatures on a graph of
sublimation rate vs the chamber pressure. The temperature at which product collapse occurs marks
one boundary of the design space. The other boundary comes from the limitations of flow
dynamics in the equipment and is the equipment capability limit. Fig 1.3 shows a sample of the
design space.

Figure 1.3 Schematic of a generalized design space
The safe zone is an operating region where the product will not fail. An ideal design space
will consider all the worst cases that can occur during a freeze-drying process. As the product dries,
the sublimation interface moves from top to bottom. Thus, the subliming water must go through a
porous bed of partially dried solids that is left by the evaporated ice crystals. As the length of this
product (cake) increases, the resistance to the flow of water vapor increases. Thus, the product
temperature increases during the drying, with highest temperatures observed closest to the end of
primary drying. This is when the product is the most prone to collapse which must be considered
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while generating the design space. The highest sublimation rate occurs during the early stages,
when there is little resistance to the flow of water vapor. This can lead to choking in the duct.
In the experiments that follow, most of the emphasis has been on equipment capability. The
objective here is to obtain the equipment capability limit computationally rather than through
experiments.

Thesis Structure
The main objectives of this work are:
1. To develop and validate a computational model for determining the equipment
capability of lab scale freeze dryers.
2. Implement methods for monitoring the sublimation rate during a lab scale freeze drying
process
3. Determine the role and contribution of convection in the heat transfer to product vials

In order to develop a computational model, the effects of different boundary conditions and
slip flow are considered. The contribution of thermal wall boundary conditions and slip flow is
compared. In this section, the various modeling parameters, the material properties and mesh
convergence are considered. This model is used to calculate the chamber pressure and compared
against the experimental data from lab scale freeze dryers. The differences in experimental
methods to determine the equipment capability are discussed. Following this, a section describing
new methods to monitor the sublimation rate are compared with available data. The CFD
simulations are modeled using similar guidelines as discussed in previous sections. The
contribution of convection effects and the role in the edge vial heat transfer is considered after.
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2. THE COMPUTATIONAL FLOW MODEL

Numerical Model
The governing equation for mass, momentum and energy for a laminar, compressible single
species fluid are given by
⃗)=0
∇(𝜌𝑉

(1)

⃗⃗⃗⃗ = −∇𝑝 + ∇. (𝜏)
⃗⃗⃗ 𝑉)
∇(𝜌𝑉

(2)

⃗ (𝜌 (𝑒 + 1 𝑉
⃗ ⃗⃗⃗⃗
⃗ ))
∇ (𝑉
. 𝑉 ) + 𝑝)) = ∇. (𝑞 + (𝜏. 𝑉
2

(3)

𝑝

𝑒 =ℎ−𝜌+

⃗ .𝑉
⃗
𝑉

(4)

2

⃗ is the velocity in m/s, 𝑞 is the heat flux
where 𝜌 is the density in kg/m3, P is the pressure in Pa, 𝑉
in W/m2, e is the internal energy in J/kg, I is the identity matrix and 𝜏 is the viscous stress tensor.
Using constitutive relations,
⃗⃗⃗⃗⃗𝑇 ) − 2 ∇. 𝑉
⃗ + ∇𝑉
⃗ 𝐼)
𝜏 = 𝜇 ((∇𝑉
3

(5)

𝑞 = 𝑘∇𝑇

(6)

the equations are numerically solved in the computational solver with the appropriate boundary
conditions for laminar flow.
For water vapor, a linear varying viscosity model is used,
𝜇 [Pa. s] = 𝜇𝑟𝑒𝑓 𝑇

𝑇
𝑟𝑒𝑓

(7)

where 𝜇𝑟𝑒𝑓 = 8.9007 x 10−6 𝑃𝑎. 𝑠 and Tref = 273.15 K.
The thermal conductivity for water vapor is 0.0261 W/m-K and the specific heat (Cp) model is as
follows,
−3 2
−6 3
−9 4 T ≥ 300K
𝐽
𝐶𝑃 [𝑘𝑔.𝐾] = { 1563.08 + 1.60T − 2.93e T + 3.22e T − 1.16e T
T < 300K
1857.7

(8)

The macroscopic flow properties such as pressure, density and temperature are defined as an
average over a fluid control volume which is much larger is size as compared to the mean free path
of the gas. The mean free path is defined as the distance a gas particle travels before colliding with
another particle. This is based on the assumption of continuum hypothesis. The extent of non-
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continuum effects can be estimated based on a non-dimensional number known as Knudsen
number,
λ

Kn = L

(9)

where L is the characteristic length scale (diameter of the duct for Lyostar 2 and Lyostar 3). The
mean free path is calculated as follows,
λ=

𝑘𝐵 𝑇

(10)

√2𝜋𝜎2 𝑃

where T is the temperature, is the 𝜎 mean diameter for water vapor, P is the pressure and kB is the
Boltzmann constant.
The continuum hypothesis holds for Kn < 0.01. The effective diameter of a water molecule for
mean free path calculation is 0.578 nm [5]. The effects of slip can be included to further improve
the CFD model. A Maxwell slip model for velocity and temperature is included in the solver. In
the Maxwell Slip model, the velocity component parallel to the wall is given as,
2−𝛼𝑣 𝜕𝑈

𝑈𝑤 − 𝑈𝑔 = (

) 𝜕𝑛

𝛼𝑣

(11)

and the component of velocity perpendicular to the wall is given by,
⃗ . 𝑛⃗) = 𝑉𝑤
𝑉𝑔 ≡ (𝑉

(12)

where the w subscript stands for wall velocities and g for gas velocities. Similarly, the temperature
jump at the boundary is given by,
2−𝛼𝑇

𝑇𝑤 − 𝑇𝑔 = (

𝛼𝑇

𝜕𝑇

) 𝐾𝑛 𝜕𝑛

(13)

where 𝛼𝑣 and 𝛼 𝑇 are the momentum and thermal accommodation coefficients respectively.
ANSYS FLUENT solver is used to solve the above equations. The scheme SIMPLE (Semi Implicit
Method for Pressure Linked Equations) [19] is used for pressure velocity coupling with 2nd order
discretization for pressure, density, momentum and energy.

Boundary Conditions
The objective of the computational model is to obtain the equipment capability curve. The most
important parameters are the chamber pressure, mass flow rate and the condenser pressure. Any
two of these parameters can be used as an input to the computational model to obtain the third
parameter. In our model, it is assumed that the water vapor immediately condenses after entering
the condenser. This assumption helps simplify the model by ignoring the condenser geometry and
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modeling the flow in the chamber and connecting duct. The condenser pressure, thus becomes a
required parameter for the computational model. Consequently, either the chamber pressure or the
mass flow rate can be chosen as the input parameter. We choose the mass flow rate as the second
input.
Table 2.1 Dimensions of Lyostar 2 and Lyostar 3 laboratory freeze-dryers
Distance of Valve

Chamber

axis from Duct Exit

Volume

(m)

(L)

98.3 mm

243 mm

104.9 L

98.3 mm

207 mm

113.5 L

Duct Length

Duct Diameter

(mm)

(mm)

Lyostar 2

486 mm

Lyostar 3

613 mm

The geometric parameters for Lyostar 2 and 3 are given in Table 2.1. The variations in duct
dimensions lead to different chamber pressures for the same sublimation rate. The CAD geometry
includes most of the important features which might affect the flow of water vapor such as the
slots for shelf movement and the isolation valve. The schematic and boundary conditions are
shown in Fig. 2.1.

Figure 2.1 Schematic of Lyostar 2 and Lyostar 3 with Boundary Conditions for CFD
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Nitrogen Valve: Isothermal Wall: In choked flow, since the chamber pressure is already out of
control, there is no bleed in of nitrogen. Hence, a wall boundary condition is specified here with a
temperature of 20C.
Ice Slabs: Mass Flow Inlet: The sublimation rate and product/ice bottom temperature are specified
for the water vapor, obtained from the Clausius-Clapeyron equation,
𝑃

𝑙𝑛 (𝑃 𝑐ℎ ) =

∆𝐻𝑠

𝑟𝑒𝑓

𝑅

(𝑇

1
𝑟𝑒𝑓

1

−𝑇 )

(14)

𝑖𝑐𝑒

where Pch is the chamber pressure, Pref is the vapor pressure of water vapor (611 Pa) at a
temperature of Tref (273.15 K), ΔHs is the enthalpy of sublimation and Tice is the sublimation
temperature.
Shelves and Shelf Support: Isothermal Wall: The shelf support is assumed to be at the shelf
temperature and that temperature is specified as a boundary condition.
Isolation Valve: Adiabatic Wall: Since the valve is not exposed to room temperatures, a zero heat
flux boundary condition is appropriate.
Duct: Isothermal Wall: The duct being exposed to the room environment, a constant temperature
of 20C is specified here.
Outlet: Pressure Outlet: The condenser is not modeled for choked flow experiments. The duct exit
pressure is specified as the condenser pressure.

Effect of Thermal Boundary Conditions and Slip
For simulating the exact physical conditions in a freeze dryer, appropriate boundary conditions
must be supplied to the CFD model. In this section, we evaluate the impact of changing thermal
boundary conditions and implementing a slip model on the simulated chamber pressure. For this
we consider two different cases, one with low sublimation rate in Lyostar 2 and the other with high
sublimation rate in Lyostar 3. Table 2.2 summarizes these conditions. The Reynolds number is
calculated for the lab scale freeze dryers based on the duct diameter as follows,
𝑅𝑒𝐷 =

̇
𝜌𝑈𝐷
𝑚𝐷
=
𝜇
𝜇𝐴𝑑𝑢𝑐𝑡

The averaged Reynolds number in the duct calculated from CFD simulations is also reported.
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Table 2.2 Cases considered for evaluating effect of Boundary Conditions and Slip

Lyostar 2 –
Fig. 2.2
Lyostar 3 –
Fig. 2.3

Shelf

Pch

ṁTDLAS

(mTorr)

(g/hr)

55

136.8

-22

66.2

53

253

626.4

40

282.9

507

Temperature

ReD

(C)

Reynolds
number

In Fig. 2.2a and 2.3a, the chamber and duct walls are adiabatic and the inlet temperature of the
water vapor is equal to -45°C as calculated from the Clausius Clapeyron equation given by Eq.14.
In Fig 2.2b and 2.3b, the chamber and duct walls are at a constant temperature of 20C and the
valve is adiabatic. The shelves and the shelf supports are at the shelf temperature and the inlet
temperature of the water vapor is -45°C. In Fig 2.2c and 2.3c, the thermal boundary conditions are
same as those is Fig 2.2b and 2.3b. In addition, a Maxwell Velocity Slip and Temperature Jump
Boundary condition indicated in Eq.11, Eq.12 and Eq.13 is implemented.

Figure 2.2 Comparison of Pressure and Temperature contours of different boundary condition
simulations for Lyostar 2
The change in thermal boundary condition from adiabatic to isothermal walls increases the
chamber pressure by 14%. Inclusion of slip reduces the chamber pressure by 3%. The average
local Knudsen number for this case is 6.5x10-4. Similarly, for Lyostar 3, the results of different
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boundary conditions are shown in Fig 2.3. The effect of changing the thermal boundary condition
in this case is an increase in chamber pressure by 0.8%. Including the slip model, the chamber
pressure reduces by 1.8% and the effect is less than the 3% seen in Lyostar 2 Fig 2.2c, because the
Knudsen number of 4.74x10-5 is lower and thus the flow is less rarefied.

Figure 2.3 Comparison of Pressure and Temperature contours of different boundary condition
simulations for Lyostar 3
Grid Convergence and Error Analysis
A sublimation rate of 136.8 g/hr and a chamber pressure of 55 mTorr for Lyostar 2 is
simulated for varying grid refinements for a convergence study. Table 2.3 shows the grid
parameters, pressure just above the isolation valve and chamber pressure. The pressure drop across
the valve for the different grids considered is shown in Fig. 2.4.

Table 2.3 Grid convergence results for Lyostar 2
Max Face Size
(m)

Number of cells

Pressure above the

Chamber

Valve (mTorr)

Pressure (mTorr)

0.02

108,000

43.5

54.5

0.012

480,000

49.4

55.1

0.008

1,400,000

50.5

55.6
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Increasing the number of cells by 345% from 108,000 to 480,000 increases the pressure
above the valve by 13.6% and the chamber pressure by 1.1%. Further increase in the number of
cells by 125% from 480,000 to 1,400,000 increases the pressure above the valve by just 2.2% and
the chamber pressure by 0.9% both of which are lower than the expected experimental error of 5%.
Thus, we assume the mesh with 480,000 cells is satisfactorily converged and use this as the base
case for all our calculations.

Figure 2.4 Pressure drop across the valve for increasing mesh sizes showing converged results
for mesh size of 480,000 cells

The error percentage for TDLAS measurement of sublimation rate is between 3-5% [17]. An error
of 5% is included in the experimental data for each sublimation rate. For CFD, the main source of
error is the different thermal boundary conditions that can be used. The temperatures of the
chamber and duct walls are unknown. The different possible boundary conditions are adiabatic
and isothermal walls. Another source of error is slip flow. Two experimental data points are
simulated with chamber walls as no slip adiabatic surfaces and a linear fit is generated between
sublimation rate and pressure. The deviation of CFD results from this linear fit is the CFD error
included in the results.
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3. VALIDATION OF COMPUTATIONAL MODELING WITH
EXPERIMENTS

Introduction
At high sublimation rates, the vapor flow in the connecting duct reaches its maximum value
which corresponds to a sonic flow in the duct exit. This is known as choked flow and the flow
cannot accelerate beyond this point. This imposes a limit on the maximum attainable sublimation
rate at a given pressure which is the equipment capability curve for that freeze dryer. The
condenser pressures at the choked point flow are dependent on the capacity of the vacuum pump
and the condenser pressure. If the sublimation rate is further increased beyond the choked point, it
will lead to a loss in chamber pressure control characterized by a rise in the chamber pressure
beyond the desired set point. This in turn increases the heat transfer rate to the product beyond the
designed value and may lead to undesirable increase of product temperature. This section
compares the results of two experimental approaches to determine equipment capability and the
comparison with CFD simulations.

Experimental Measurements
The uncertainty of data collected from the experiments need to be known when comparing
with computational results. The sublimation rate is measured using TDLAS (tunable diode laser
absorption spectroscopy), which is a near IR based optical method [17]. It uses either one or two
lasers angled at 45° in a spool piece located between the chamber and the condenser. The
percentage of error in the mass flow rate varies for laboratory vs production scale freeze dryers.
The error in a lab scale freeze dryer is 5-6% which increases to almost 20-22% in production scale
freeze dryers [5]. The non-uniformity in data might be due to the isolation valve or CIP/SIP. The
velocity profile changes due to CIP/SIP and the deviation from the ideal solution is discussed by
Alexeenko et al. [5].
The temperature data is collected using T-junction type thermocouples. These
thermocouples ensure an accuracy of 0.1°C in measurements. The plastic sheets in the bottomless
trays are attached with 2 thermocouples per shelf before loading in the freeze dryers. The
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temperature data is useful in estimating the bag heat transfer coefficient which can be used to
generate an empirical relation for Kvbag (heat transfer coefficient of the bag).
The pressure in the chamber is recorded using a capacitance manometer (MKS barometric
gauge) and a Pirani gauge. The capacitance manometer measures the true chamber pressure and
has an accuracy of 1 mTorr in its readings. The Pirani gauge is a resistance based pressure sensor,
which has 2 filaments forming the arms of a Wheatstone bridge, a reference and measurement
filament [18]. The thermal conductivity of water vapor being about 60% higher than nitrogen, the
Pirani pressure in the chamber saturated with water vapor is about 1.6 times the capacitance
manometer pressure. The Pirani gauge is useful in monitoring the process conditions during the
choked point flow test. When the Pirani gauge reading starts to drop, it indicates either cracks in
the ice surface or dramatic shrinkage in the ice area, referred to as a loss in sublimation interface.
The condenser pressure is recorded using a Capacitance Manometer. The location of the
MKS Barometric gauge is important while measuring the condenser pressures since a slight change
in location may change the reading significantly. It should be noted that the condenser Capacitance
Manometer in these experiments is situated on the foreline of the vacuum pump, which is the
connection between the vacuum pump and the condenser. This means that the recorded condenser
pressure might be lower than the actual condenser pressure. Another way of estimating the
condenser pressure is using the vapor pressure of ice. It can be safely assumed that since the
temperature of the condenser coils is sufficiently low (less than -70°C), the condenser pressure
would be equal to the vapor pressure of ice at the temperature of the condenser. However, since
the temperature recorded is that of the condenser cooling fluid and not the surface of the ice, and
since the thickness of the ice is not considered, it will lead to errors.

Comparison of Experimental Methods
The limits on the range of shelf temperature range in lab scale freeze dryers (usually -70°C
to +60°C) requires an efficient testing setup to ensure that a wide range of sublimation rates is
tested. This is achieved by using “bottomless trays” filled with pure water. The large surface area
in contact with the shelves gives a higher sublimation rate for the same heat input than vials. These
bottomless trays are tray rings attached with a thin plastic sheet stretched to minimize wrinkles on
the surface. Distilled pure water is measured and poured into these trays and frozen to form ice
slabs.
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There are 2 experimental methods to determine equipment capability which rely on ice slab
sublimation tests: i) Minimum Controllable Pressure Test [7], ii) Choked Point Flow Test [6]. In
the Minimum Controllable Pressure Test, the sublimation rate is controlled by varying the shelf
temperature. The recorded chamber pressure at each temperature setpoint gives the minimum
controllable pressure. It is required that there is no nitrogen gas bleed into the chamber. This can
be implemented by adjusting the chamber pressure setpoint to 0 mTorr. In this testing method, the
shelf temperature which controls the sublimation rate is the independent variable.
In the Choked Point Flow Test, the chamber pressure is set and the shelf temperature is
varied. The shelf temperature is carefully controlled, starting from a low temperature (-50°C) to
increase the sublimation rate without exceeding the chamber pressure setpoint. When the flow in
the duct chokes, any further increase will cause an increase in the chamber pressure. The
sublimation rate at which the capacitance manometer output slightly increases above the chamber
pressure setpoint is recorded. The plot of sublimation rate vs chamber pressure gives the equipment
limit curve for the freeze dryer. The data from the Choked Point Flow Test can also be interpreted
as the maximum attainable sublimation rate at a given chamber pressure.
It is important that the contact of the “bottomless trays” is maintained with the shelf at all
times. Otherwise it may lead to incorrect readings such as a drop in the chamber pressure. To
ensure this, it is necessary to stop the run after 40-50% of the ice has sublimed.
The protocol for Choked Point Flow testing method is as follows: ➢ Fill measured quantity of pure Milli-QTM water into bottomless trays, and load on all 3
shelves of Lyostar 2 (SP Scientific, NY).
➢ Step Shelf Temperature to -50°C and hold for 4 hours.
➢ Turn on vacuum pump and set chamber pressure to starting pressure (30 mTorr).
➢ Shut the isolation valve and measure the zero offset for the TDLAS instrument for this
pressure setpoint.
➢ Increase shelf temperature in small increments till chamber pressure starts to creep beyond
the setpoint.
➢ Increase the pressure set point, re-calibrate TDLAS and repeat step 5.
Fig 3.1 shows process data for a choked point flow test on Lyostar 3.
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Figure 3.1 Choked Point Flow Test process data on Lyostar 3
The protocol followed for Minimum Controllable Pressure Test is as follows: ➢ Fill measured quantity of pure Milli-QTM water into bottomless trays, and load on all 3
shelves of Lyostar 2 (SP Scientific, NY).
➢ Step Shelf Temperature to -50°C and hold for 4 hours.
➢ Turn on vacuum pump and set chamber pressure to an unattainably low value such as
10mTorr.
➢ Increase shelf temperature to -40°C and let chamber pressure equilibrate. This is the
minimum controllable chamber pressure.
➢ Increase the shelf temperature in specific increments of 5°C or 10°C and record the
chamber pressure at each setpoint.
Both minimum controllable pressure test and the choked point flow test were performed on the
same type of lab scale freeze dryer, Lyostar 3. Sufficient time (about 30 mins) was given between
each reading to let the chamber pressure equilibrate. The time history of a Choked Flow Test for
obtaining the sublimation rate at 40 to 90 mTorr is shown in Table 3.1. From the table, the data
point for which the condenser pressure is the lowest and has stabilized is the choked point and is
plotted on Fig 3.2. The data points to be plotted are highlighted using a red arrow in Table 3.1. A
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further increase in the shelf temperature increases the chamber pressure beyond the setpoint. The
data for a Minimum Controllable Pressure Test is in Table 3.2. The results from these two different
approaches are compared in Fig 3.2. The mass flow rate is plotted on X-axis but it should be noted
that the independent variable is chamber pressure in choked point flow test and the independent
variable in minimum controllable pressure test is the sublimation rate (shelf temperature). Since
these tests are aimed at finding the equipment capability of the freeze dryer, the results from both
these tests yield the same curve.
Table 3.1 Choked Flow Test data for on Lyostar 3. Red arrow represents the choked flow data
point
Pressure
Setpoint

Shelf

Product

Temperature Temperature

CM

Pirani

Condenser Sublimation

Pressure

Pressure

Pressure

Rate

(mTorr)

(°C)

(°C)

(mTorr)

(mTorr)

(mTorr)

(g/hr)

40

-45

-47.0

40

67

31

17.5

40

-40

-46.7

40

67

22

37.8

 40

-35

-46.5

40

68

10

50.0

40

-30

-45.5

44

74

1

60.1

50

-35

-44.6

50

83

25

53.6

50

-30

-44.5

50

84

23

48.2

 50

-25

-44.1

51

86

1

75.6

60

-35

-42.7

60

101

24

88.2

 60

-20

-42.5

60

101

1

97.6

60

-15

-41.0

70

117

1

121.3

 70

-15

-40.8

71

118

1

122.4

70

-10

-39.6

80

133

1

145.8

80

-15

-39.6

80

133

34

132.1

 80

-10

-39.4

82

135

1

149.8

90

-10

-38.5

90

150

54

148.0

 90

-5

-38.1

94

154

2

180.7
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Table 3.2 Minimum Controllable Pressure Test run for a load of 6L on Lyostar 3
Shelf

Product

CM

Pirani

Condenser

Sublimation

Temperature

Temperature

Pressure

Pressure

Pressure

Rate

(°C)

(°C)

(mTorr)

(mTorr)

(mTorr)

(g/hr)

-50

-49.3

31

52

1

34.8

-40

-48.5

33

55

1

38.2

-30

-45.5

46

77

1

64.4

-20

-42.3

65

107

3

108.7

-10

-39.1

89

146

5

167.8

0

-36.6

114

188

8

237.6

10

-34.3

144

234

8

317.9

20

-32.2

175

284

9

406.8

30

-30.3

211

340

10

511.2

40

-28.6

253

406

12

626.4

The major difference between the choked point flow test and the minimum controllable
pressure test is the time taken to achieve the equipment capability data point. In choked point flow
test, the chamber pressure is set to a specific value such as 100mTorr. It requires several iterations
to adjust the shelf temperature to achieve a sublimation rate that will cause the chamber pressure
to slightly exceed the setpoint. Usually it takes two or three changes in the shelf temperature to
obtain a choked flow condition. Certain amount of time must be given for each pressure reading
to stabilize. In contrast, Minimum Controllable Pressure Test provides the equipment capability
data point in just 1 iteration. Thus, the choked flow tests take about 66% more time than the
minimum controllable pressure tests. The number of data points obtained for the same amount of
load is fewer in choked point flow test than in minimum controllable pressure test.
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Figure 3.2 Comparison of testing methods for equipment limit curves for Lyostar 3
Lyostar 2 Experimental Data
In addition to the experiments on Lyostar 3, a few more sets of experiments were done on
Lyostar 2, another lab scale freeze dryer. 3 experiments were conducted at Baxter, and the data
for 1 was obtained from Patel et al. [6]. The range of experimental data is as follows:
Table 3.3 Range of experimental data for Lyostar 2
Chamber Pressure

Condenser Pressure

Sublimation Rate

Range (mTorr)

Range (mTorr)

Range (g/hr)

Patel et al. [6]

60-150

27-59

137-453

Baxter 1

55-166

3-11

136-558

Baxter 2

78-279

6-17

205-1026

Baxter 3

30-600

4-540

47-943

Experiment

Towards the end of the 3rd Baxter experiment, there was not enough ice surface left to
sublime. This loss in sublimation interface means that the chamber pressure is controlled through
a nitrogen bleed and not choked. These last 5 data points are not simulated in CFD.
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Comparison of CFD and Experiments
In this section, the chamber pressure obtained from simulations is compared with the
measured capacitance manometer pressure readings under choked flow conditions. The
capacitance manometer is usually mounted on top of the freeze dryers using one of several
available ports. The position may be different for different freeze dryers.

Figure 3.3 Comparison of Lyostar 2 data from Patel et al.[6] with CFD results
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Figure 3.4 Comparison of Lyostar 2 data from experiments (Baxter case 1) with CFD results

Figure 3.5 Comparison of Lyostar 2 data from experiments (Baxter case 2) with CFD results
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Figure 3.6 Comparison of Lyostar 2 data from experiments (Baxter case 3) with CFD results
In the CFD simulations, the mass flow rate is given as an input. Thus, the mass flow rate
is plotted on the X-axis and the chamber pressure on the Y-axis even though the experiments were
performed using the choked point flow test. Figs. 3.3-3.6 show the comparison of experimental
data and computational results. The simulations reproduce the chamber pressure measurements
accurately with an error of 5.3% for Patel et.al [6] cases, 3.8% for the first set of Baxter cases, 4.5%
for the second set and 5.7% for the third set. The chamber pressure has a linear dependence on the
mass flow rate and this is because the refrigeration capacity of lab scale freeze dryers does not
decrease significantly. The laboratory scale freeze dryers almost always have an overdesigned
refrigeration systems and thus can handle large loads. Even after a long sublimation run, the
pressure and temperature in the condenser does not exceed the operating range of -70°C to -80°C.
The data for Baxter case 2 in Fig 3.5 has some outliers as the mass flow rate and chamber
pressure are increased. The close agreement between experiments and simulations is not followed
for these outlier cases. The reason for this is the loss of sublimation surface in the experimental
run. As the test progressed, most of the ice was lost and the set chamber pressure could not be
achieved by the sublimation rate. This caused a significant input of nitrogen bleed into the chamber.
Since the nitrogen bleed is ignored in the simulations, the results do not depict equipment
capability and are not shown here.
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The experimental data from the minimum controllable pressure test was used for CFD
simulations of Lyostar 3. The boundary conditions were similar to those in the Lyostar 2 CFD
calculations. The comparison between experimental and CFD results is shown in Fig 3.7.

Figure 3.7 Comparison of experimental and CFD data for Minimum Controllable Pressure Test
for Lyostar 3
The average deviation between experiments and CFD for Lyostar 3 simulations is 18.5%.
This is higher than variation for Lyostar 2. The isolation valve is Lyostar 2 and Lyostar 3 is
different due to the operational requirements. The Lyostar 3 has a controlled nucleation technology
which pressurizes the chamber, which requires a thicker and stronger valve. Some obstructions are
also present in the duct which are not included in the CFD.

Flow Field Comparison for Choked and Non-Choked Cases
Table 3.7 highlights two cases having almost the same sublimation rate (around 900 g/hr)
but significantly different chamber pressures. Fig. 3.8 shows the CFD simulation contours of Mach
number, Pressure ratio and Temperature on the YZ plane for these cases. In case B, the pressure
ratio of the chamber to the condenser pressure is 14 times lower than that in case A. Thus, in case
A the flow is choked near the duct exit and a maximum sublimation rate is achieved. Case B is
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operating below the equipment capability limits of the freeze dryer and thus the Mach number is
significantly lower as seen in Fig 3.8.
Table 3.4 Experimental data for choked and non-choked cases with similar sublimation rate

Case

Sublimation
Rate (g/hr)

Chamber

Condenser

Pressure

Pressure

mTorr

mTorr

Shelf
Temperature °C

Pch/Pcd

A

868

234

14

31

16.7

B

886

500

430

62

1.2

Figure 3.8 Mach number, Pressure Ratio and Temperature [C] contours for choked (case A) and
non-choked (case B) conditions in Lyostar 2
Effect of Isolation Valve
The isolation valve is a critical component of Freeze-Dryers which prevents the
contamination of the product chamber in case of problems such as power losses. When the isolation
valve is closed, it prevents any back flow of water vapor from the condenser and maintains the
vacuum level. During the drying operation, the isolation valve is in the open position. The finite
thickness of the isolation valve restricts the flow of water vapor to the condenser. The isolation
valve act as a no slip boundary for the flow of water vapor. Since the speed of the vapor flow near
both the walls of the duct and the isolation valve is zero, the effective diameter of the duct is
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lowered reducing the cross-sectional area for the flow of gases. This leads to a higher chamber
pressure for the same sublimation rate due to a pressure drop across the isolation valve as compared
to a situation without the valve. The increased chamber pressure results in a decrease of the
maximum velocity of the water vapor in the duct.

Figure 3.9 Effect of isolation valve on chamber pressure for Lyostar 2 at conditions of Patel et al.
[6] experiments.
CFD simulations are performed for models with and without the isolation valve in the duct.
The results are compared with experimental data in Fig 3.9. The Chamber Pressure increases by
almost 23.7% on average due to the isolation valve. The presence of the isolation valve causes a
rise in the minimum Chamber Pressure for a given sublimation rate. This makes the isolation valve
a key design feature in the numerical simulations.
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Figure 3.10 Pressure along the duct axis and Pressure flowfield (mTorr) around the isolation
valve in Lyostar2 for a sublimation rate of 454 g/hr and chamber pressure of 150 mTorr.

A closer look at the isolation valve reveals a pressure drop of about 55 mTorr at a mass
flow rate of 454 g/hr. A buildup of pressure above and in the plane of the isolation valve causes
the pressure rise in the chamber. The pressure drop across the valve increases with the sublimation
rate. The pressure along the axis of the duct is plotted in Fig 3.10. The break in the solid blue curve
is due to the isolation valve. The pressure contours are shown in Fig 3.10.
The placement of the valve in the duct also affects the chamber pressure. For Lyostar 3, the
minimum controllable pressure cases are simulated with two different valve locations. The valve
axis is about 20 cm from the duct exit. Another geometry is created with the valve in the center of
the duct, 37 cm from the duct exit and the comparison is shown in Fig 3.11. The chamber pressure
increases by 13.9% on average when the valve is moved to the center of the duct.
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Figure 3.11 Comparison of Minimum Controllable Pressures for different valve locations in
Lyostar3
Effect of Duct Extension
The duct extension is another feature present in many lab scale freeze dryers. The duct
extension for Lyostar 2 and Lyostar 3 is 5 inches in length and made of the same material as the
duct. It is easy to attach on the duct and ensures a better distribution of ice buildup on the coils of
the condenser. An increase in the length of the duct leads to a higher pressure drop across the
chamber and the condenser and thus the chamber pressure increases for the same sublimation rate.

Maximum Ice Accretion
Maximum Ice

near the duct exit

Accretion
Figure 3.12 Ice formation on Lyostar 3 condenser coils, with duct extension (left) and without
(right)
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It should however be considered that the buildup of ice on the coils of the condenser is an
important factor. For a lower sublimation rate, the amount of ice formation on the coils of the
condenser nearest to the duct exit is much higher than anywhere else. A large non-uniformity is
observed in the condenser. If this process is continued for a longer time, then there exists a chance
that the duct exit might be partially or completely blocked by this ice formation. When the
sublimation rate is low, the low speed vapor flow sticks on the coils of the condenser nearest to
the duct exit [8]. This occurrence is not observed as significantly for higher sublimation rates. Fig
3.12 highlights the importance of the duct extension with respect to the uniformity of ice formation
in the condenser.

Figure 3.13 Minimum Controllable Pressure Tests for Lyostar 3 with and without duct extension
The effect of duct extension in Lyostar 3 is seen from Fig 3.13, which shows 2 different Minimum
Controllable Pressure Tests. For sublimation rates lower than 545 g/hr, the chamber pressure with
duct extension is higher. However, at higher sublimation rates, the chamber pressure is higher
without the duct extension. This is due to the uneven buildup of ice on the coils near the duct exit
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as the experiment progresses. Considering the importance of maintaining a set pressure during a
process, the duct extension is a key design feature that needs to be included in lab scale freeze
dryers.
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4. DETERMINATION OF SUBLIMATION RATE

Introduction
The sublimation rate from a product vial or from ice slabs is directly related to the shelf
temperature and chamber pressure of the freeze dryer. A higher sublimation rate may be desirable
to reduce the time required but at the same time it should be within the safe operating zone of the
design space. The product temperature must not reach critical temperatures and the sublimation
rate must be below the equipment capability curve.

While designing a freeze-drying process in lab scale, it is desirable to monitor the
sublimation rate in real time. Currently, an experimental method TDLAS is used in many places
to measure the sublimation rate. With the rise of PAT tools, new methods to determine sublimation
rate are being investigated. The method which is non-invasive, in-expensive and outputs data in
real time is the most desired to monitor vapor flow rate. In this section, two such methods are
discussed.

The first method is a soft sensor which is based on a CFD model. A validation of this method
is presented alongside a comparison with experimental TDLAS data. This method implements a
CFD model using the chamber and condenser pressures to obtain the sublimation rate. Inherent
fluctuations and errors in the measurement of either chamber or condenser pressures will affect
the accuracy of the soft sensor.

The second method is an experimental setup using heat flux sensors in a lab scale freeze
dryer to calculate the total sublimation rate. Since the heat flux sensor on the shelf will only account
for a part of the heat transfer, additional calculations need to be done on the experimental data to
obtain the sublimation rate.

Computational Setup for Soft Sensor
The CFD setup and boundary conditions in the soft sensor vary slightly from the previous
calculations for equipment capability. Experiments are performed on a lab scale freeze dryer,
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Lyostar 3 and the data points are simulated using CFD. Fig 4.1 shows the schematic of Lyostar 3
for soft sensor implementation.

Figure 4.1 Schematic of Lyostar 3 for soft sensor CFD setup
Slip flow is modeled and the boundary conditions are as follows:
Nitrogen Valve: Pressure Inlet: The chamber pressure inlet is specified here with the flow being
pure nitrogen at room temperature (25°C)
Ice Slabs: Pressure Inlet: The chamber pressure is specified at the pressure inlet boundary here
with the 100% water vapor flow at the product temperature.
Shelves and Shelf Support: Isothermal Wall: The shelf support is in contact with the shelves.
Thus, the shelf temperature is specified as a boundary condition [-30°C to 0°C].
Isolation Valve: Adiabatic Wall: Since the valve is not exposed to room temperatures, a zero heat
flux boundary condition is appropriate.
Duct: Isothermal Wall: The duct being exposed to the room environment, a constant temperature
of 20C is specified here.
Outlet: Pressure Outlet: The condenser pressure from the experiments is specified at the duct exit.
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Experimental Data for Soft Sensor
To validate the computational model, the sublimation rate will be compared with the
sublimation from TDLAS. An ice slab test was performed by adding water into bottomless trays.
The setup is similar to the equipment capability tests and thermocouples were placed to measure
the temperature of the ice slabs. TDLAS was equipped onto the Lyostar 3 lab scale freeze dryer.
Fig 4.2 shows the process data for the cycle. The dotted lines show the time where some data
points are collected which will be simulated in CFD.

Figure 4.2 Experimental process data and sublimation rate on Lyostar 3 for soft sensor study
Many fluctuations in the condenser pressures can be seen. A corresponding fluctuation was
also observed in the sublimation rate. This might be attributed to the pressure control mechanism
or the nitrogen valve in the chamber. The ice slabs have a large volume of water vapor subliming
as compared to product vials which are filled with some formulation. The surface of the ice slab
is uneven and can sometimes cause sudden bursts of water vapor to be added to the system. The
nitrogen valve which can either be fully open or closed thus must correct the chamber pressure to
maintain the pressure setpoint. Due to some latency in the response time of the nitrogen control
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valve, the vacuum pump reduces the condenser pressure. Thus, the sublimation rate of water vapor
decreases. This cycle keeps on repeating thus causing a fluctuation in the condenser pressure and
water vapor sublimation rate.
Another experiment was conducted at higher shelf temperatures and a chamber pressure of
100 mTorr. The process data are shown in Fig 4.3. The sublimation rate and condenser pressure
rate data for this experiment are shown in Fig 4.4 where the fluctuations are clear. Two additional
cases are generated from this data as averages of the condenser pressure and sublimation rate. The
first case has a fixed shelf temperature of 10°C and the condenser pressure varies between 57 and
74 mTorr with an average of 65 mTorr and the sublimation rate varies between 136 g/hr to 159
g/hr with an average of 145 g/hr. The second case has a fixed shelf temperature of 20°C and the
condenser pressure varies between 47 and 67 mTorr with an average of 56 mTorr and the
sublimation rate varies between 157 g/hr to 184 g/hr with an average of 170 g/hr. These two
averaged cases from the second experiment will be simulated alongside other data points collected
during the first experiment.

Figure 4.3 Experimental process data on Lyostar 3 for soft sensor for higher shelf temperatures
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Figure 4.4 Experimental condenser pressure and TDLAS measured vapor flow rate for Lyostar3
soft sensor study at Tsh=10 C and Tsh=20 C
Comparison of CFD and TDLAS sublimation rates for Soft Sensor
The comparison of experimental TDLAS and CFD calculated flow rates are shown in Table
4.1. The deviation between experimental and CFD fluctuates between 4-16% with an outlier for a
chamber pressure of 50 mTorr. The data point for the outlier corresponds to an unsteady state
where the sublimation rate has not settled down from the previous point. Also, the previous data
point corresponds to a choked flow case for a chamber pressure of 50 mTorr as seen from the drop
of the condenser pressure to 2 mTorr. Table 5.1 shows the comparison of the experimental TDLAS
and CFD soft sensor sublimation rates for the data points collected during the first experiment.
Table 5.2 shows the comparison of TDLAS and CFD soft sensor sublimation rates for the averaged
cases from the second experiment. The deviation of CFD from the averaged cases is lower with an
average of 8.4%. The fluctuation of condenser pressure might be avoided for low volume pure
water runs in product vials instead of ice slabs.
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Table 4.1 Comparison of TDLAS and CFD Soft Sensor sublimation rates

Shelf
Temperature
C

Pressure
Setpoint
mTorr

Velocity
(m/sec)

Condenser
Pressure
mTorr

Pirani
Pressure
mTorr

Flow
Rate
(g/hr)

CFD
Flow
Rate
(g/hr)

%
Deviation
from EXP

-10

100

70.3

73

163

129.6

139.08

7.31

-10

100

75.8

62

165

139

168.81

21.45

-10

100

73

66

163

137.2

159.26

16.08

0

100

107.3

53

165

193.3

183.97

4.83

0

100

105.2

34

165

189.7

203.26

7.15

-20

100

52.5

82

163

97.6

106.52

9.14

-20

50

101.3

2

94

92.5

76.77

17.01

-30

50

70.4

24

83

50.4

66.58

32.10

Table 4.2 Comparison of TDLAS and CFD Soft sensor sublimation rate for the averaged cases
from the second experiment

Shelf
Temperature
C
AVG
(Tsh = 10C)
AVG
(Tsh = 20C)

Velocity
(m/sec)

Condenser
Pressure
mTorr

Pirani
Pressure
mTorr

Flow
Rate
(g/hr)

CFD
Flow
Rate
(g/hr)

%
Deviation
from EXP

100

-

65

165

145

161.77

11.57

100

-

56

165

170

179.01

5.30

Pressure
Setpoint
mTorr
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Sublimation Rate from Heat Flux
In a freeze dryer, the sublimation rate is directly controlled by varying the heat input to the
product. The shelf temperature is controlled by a heat transfer fluid flowing in a serpentine pattern
of channels inside the shelf. The shelf temperature and the heat transfer fluid inlet and outlet
temperatures are closely monitored to have up to 0.1°C control over the shelf temperature. The
sublimation rate of water vapor is related to the heat input as,
𝑞

𝑚̇ = ∆𝐻

(15)

𝑠

Thus, the sublimation rate of water vapor in product vials or ice slabs can be estimated if
the heat transfer is known. In a lab scale freeze dryer REVO (Millrock Technologies, NY), a heat
flux measurement sensor, AccuFlux, is installed on the shelves. A total of three heat flux sensors
are included on two shelves of the 0.74 m2 shelf area lab scale freeze dryer. The schematic of the
Accuflux sensors is shown in Fig 4.4.

Figure 4.5 Schematic of the heat flux sensor placements in REVO
The different mechanisms of heat transfer to the product vials or ice slabs are, radiation –
through the glass door and freeze dryer walls, conduction – directly through the shelf or through
the gas between the vial bottom and the shelf and convection – due to the flow of water vapor
between the shelves. The heat flux sensors can only measure the flow of heat through the shelf to
the product vials. Previous work by Ganguly et al. [16] has shown that radiation has a significant
contribution to the heat transfer.
The heat flux to the product can be estimated as follows,
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q̇ rad = σεAshelf F1−2 (Tshelf 4 − Tice 4 )

(16)

The heat transfer to the product results in sublimation and an increase in the product temperature
in product vials. Thus,
d
𝑄̇𝑡𝑜𝑡𝑎𝑙 = ṁ∆Hs + dt (mCp T)

(17)

where 𝑄̇𝑡𝑜𝑡𝑎𝑙 = q̇ rad + q̇ heat−flux−sensor
By adding the heat transfer through radiation to the total heat transfer measured by the heat flux
sensor, the sublimation rate can be estimated.

Experimental Setup for Ice Slab Tests
To validate the concept of using a heat flux sensor as a tool to measure the sublimation rate,
a set of ice slabs tests were conducted in REVO. The ice slab setup is similar to the experiments
is section 3, where bottomless trays are used. REVO is a four-shelf lab scale freeze dryer with a
total shelf area of 0.74 m2 and duct diameter of 0.15m. The amount of water before and after the
sublimation tests is measured gravimetrically and compared against the integrated weight of water
calculated from the heat flux measurement.
The first test was a calibration run and the protocol was as follows:
➢ Fill the measured quantity of pure distilled water into bottomless trays, and load on the
shelves of REVO
➢ Step Shelf Temperature to -40°C and hold for 2 hours.
➢ Turn on vacuum pump and set chamber pressure to 100mTorr.
➢ Ramp shelf temperature to 0°C at 2°C/min and hold.
➢ Stop the cycle, release vacuum and measure the amount of remaining water.
The temperature data and the heat flux data collected during a calibration run are shown in Fig 4.5.
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Figure 4.6 Experimental Process data for the Calibration test on REVO
The second test is a minimum controllable pressure test and the protocol as described in section 3
is followed. The process data for the test is as follows:

Figure 4.7 Experimental process data for minimum controllable pressure test on REVO
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Using the heat flux data collected during the calibration and minimum controllable pressure
test data, the amount of water sublimed is estimated. This is compared with gravimetric
measurements is Table 4.2. The Pirani gauge data is not used in any calculations.
Table 4.3 Gravimetric measurement of different experiments on REVO
Net Water Sublimed (g)

Difference

Drying Time

Test Method

(hrs)
Gravimetric

AccuFlux

3108

3089.1

0.61%

12.5

1877.2

1569.7

16.4%

8.15

3465.6

2991.3

13.7%

5.5

6997

8078.4

-13.4%

9

Calibration

Minimum
Controllable
Pressure

The fluctuation is the percentage difference might be due to errors in estimation of the
radiation component of heat transfer or the gravimetric measurement of water during the
experiments. This should be considered while comparing with the CFD results.

CFD Setup for REVO
The sublimation rate in REVO can be estimated using CFD for choked as well as non-choked
cases. However, in this case the focus is on obtaining choked flow sublimation rates and comparing
with the results from the minimum controllable pressure test.
There are some limitations is setting up CFD simulations for REVO since the condenser pressure
measurement is not available. In previous models of Lyostar 2 and Lyostar 3, the condenser
pressure along with the product temperature was known. In the case of REVO, however an
estimate of condenser pressure needs to be used. It is seen from choked flow experiments on lab
scale freeze dryers, that the onset of choked flow is marked by a sharp decrease in condenser
pressure. Using this fact, the condenser pressure in REVO can be set to a conservative estimate of
10mTorr and since the simulations are aimed at obtaining the choked flow sublimation rate, this
approximation should not be far-fetched.
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The schematic of REVO is shown in Fig 4.7.

Figure 4.8 Schematic of REVO used in CFD
The boundary conditions are as follows:
Nitrogen Valve:Wall: In choked flow, since the chamber pressure is already out of control, there
is no bleed in of nitrogen. Hence, an adibatic wall boundary condition is specified here.
Ice Slabs: Mass Flow Inlet: The sublimation rate and product/ice bottom temperature are specified
for the water vapor, in increments of 200g/hr.
Isolation Valve: Adiabatic Wall: Since the valve is not exposed to room temperatures, a zero heat
flux boundary condition is appropriate.
Outlet: Pressure Outlet: The condenser is not modeled for choked flow experiments. The duct exit
pressure is specified as the condenser pressure equal to 10mTorr.
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The comparison of pressure contours for sublimation rates of 200 g/hr and 1000 g/hr are shown in
Fig 4.8.

Figure 4.9 Pressure contours for different sublimation rates in REVO
The comparison of Mach number contours for REVO and Lyostar 2 for a sublimation rate
of 1 k/hr are shown in Fig 4.9. The difference in the duct and valve dimensions and the placement
of the isolation valve result in clearly visible differences in chamber pressure and Mach number.
The chamber pressure for REVO is lower and it can thus sustain a higher sublimation rate for the
same chamber pressure.
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Figure 4.10 Mach number contours for REVO and Lyostar 2
Comparison of Sublimation Rate from Heat Flux Measurement and CFD
The results of the equipment capability curve obtained using CFD and heat flux sensor
measurements are shown if Fig 4.10. The maximum difference between experiments and CFD is
16%. The results are plotted for two different minimum controllable pressure tests conducted on
REVO which show some differences in sublimation rate for higher chamber pressures. These
differences can be due to uneven sublimation interfaces on the ice slabs or an uneven contact with
the heat flux sensor. The accuracy of heat flux measurement can be affected by unevenness in the
ice slab due to the plastic bags.
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Figure 4.11 Comparison of CFD and heat flux equipment capability curves for REVO and
TDLAS data for Lyostar 2
Theoretical Approximations for Sublimation Rate
The flow from the chamber to the condenser in a freeze dryer through the connecting duct
can be approximated by a pressure driven pipe flow. The Poiseuille equation for incompressible
laminar flow rate through a duct is given by,
𝑄=

∆𝑃𝜋𝑟 4

(18)

8𝜇𝑙

For compressible flow such as freeze drying, however, the flow rate is given by,
𝜋𝑟 4

𝑃𝑐ℎ 2 −𝑃𝑐𝑑 2

𝑄 = 16𝜇𝑙 (

𝑃𝑐𝑑

)

(19)

The sublimation rate can be obtained by multiplying the flow rate by the average density.
For choked flow, the mass flow rate will only depend upon the upstream chamber pressure and be
independent of the condenser pressure. The chamber pressure and temperature can be used in
isentropic flow relations to approximate the sublimation rate as follow,
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𝛾+1

𝑚̇𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 =

𝛾 𝛾+1 −2(𝛾−1)
√𝑅 ( 2 )
√𝑇𝑠𝑢𝑏
𝐴𝑃𝑐ℎ

(20)

For water vapor, 𝛾 is equal to 1.33. The comparison of theoretically obtained sublimation
rates with experimentally measured TDLAS sublimation rates for an experiment on Lyostar 3 is
shown in table 4.3.
Table 4.4 Theoretical approximation of sublimation rate for Lyostar 3
Sublimation
Chamber Condenser
Temperature
Pressure
Pressure
Tsub
mTorr
mTorr
(°C)

Shelf

Flow

Temperature

Rate

(°C)

(g/hr)

-10

129.6

100

73

-10

139

100

-10

137.2

0

Mass Flow Rate (g/hr)
Poiseuille’

Choked

theory

flow

-40.09

364.14

1207.18

62

-40.09

565.05

1207.18

100

66

-40.09

486.66

1207.18

193.3

100

53

-40.09

772.14

1207.18

0

189.7

100

34

-40.09

1480.31

1207.18

-20

97.6

100

82

-40.09

227.36

1207.18

-20

97.6

100

81

-40.09

241.62

1207.18

-20

92.5

57

2

-46.13

9233.52

611.56

-30

50.4

50

24

-46.13

456.22

611.56

These flow approximations are away from the measured flow rates for two major reasons
– Placement of Isolation Valve and Condenser Pressure Measurement. The isolation valve
obstructs the flow of the water vapor and the area can be obstructed by as much as 35%. Thus, the
flow inside a freeze dryer is not fully developed. The isolation valve increases the chamber
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pressure. The breakdown of Poiseuille flow theory is distinctly visible at the choked flow point of
50mTorr where the condenser pressure is 2 mTorr.
The measurement of condenser pressure is of tremendous valve from a CFD perspective.
The current measurement of condenser pressure is conducted on the pipe connecting the vacuum
pump to the condenser. However, in most CFD simulations and all that have been a part of this
thesis have ignored the condenser geometry. The pressure loses between the point of measurement
and the duct exit can change the condenser pressure by a significant amount. This will be of
importance while simulating non-choked cases.
A theory proposed by Heldner [20], outlines an empirical method for determining
sublimation rates for freeze dryers based on chamber pressure and valve diameter. These equations
assume that the volume of sublimed water vapor per hour is given by,
𝜋

2
𝑉𝑠𝑢𝑏 = 3600 ∗ 𝐶 4 𝐷𝑑𝑢𝑐𝑡

(21)

where C is the velocity in the duct which ranges between 80-90 m/s [20].
The sublimation rate is then calculated as,
𝑚̇𝑒𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 =

2
3600𝐶𝜋𝐷𝑑𝑢𝑐𝑡
𝑃𝑐ℎ

4𝑅𝑇𝑠𝑢𝑏

(22)

The ideal mass flow rate is thus, always higher than the achieved sublimation rate in a
freeze dryer. The deviation can be measured by a discharge coefficient defined as follows:
𝐶𝑑𝑖𝑠 = 𝑚̇

𝑚̇

𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐

(23)

The sublimation rates obtained from Heldner’s empirical formula and experiments can be
compared through these discharge coefficients. Fig 4.11 shows the discharge coefficients obtained
when the sublimation rate from Heldner’s empirical relation and experiments is divided by the
isentropic flow rate for a chamber pressure for Lyostar 3. The flow rate from choked flow theory
are much higher than the empirical relation or experiments.
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Figure 4.12 Comparison of discharge coefficients obtained from experiments and Heldner’s
theory for Lyostar 3
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5. MODELING OF CONVECTION EFFECTS IN PRODUCT CHAMBER

Introduction
The sublimation rate and product temperature inside a product vial needs to be controlled to
ensure product quality and stability. While designing a product formulation in a lab scale process,
it may not have the same temperature and sublimation profiles in an actual manufacturing scale
freeze dryer. These issues of scale up and technical data transfer arise due to material, geometric
and environment differences between freeze dryers. The environment in production is accurately
controlled to a precise number of allowable particles, while the lab setup may not be as clean. This
changes the product properties such as the nucleation temperature of ice. The sublimation rate
which is highly dependent upon the product resistance, therefore, changes. The heat transfer to the
same vial may also be different inside a production scale freeze dryer. This is due to different
materials and finishes being used for the shelves and doors of production freeze dryers. The
product resistance Rp and the vial heat transfer coefficient Kv are the two most important
parameters required for the successful scale up of a process from lab scale to production scale.
The components of vial heat transfer coefficient are broken down as follows,
𝐾𝑣 = 𝐾𝑐𝑠 + 𝐾𝑟𝑎𝑑 + 𝐾𝑔𝑎𝑠
where Kcs is the contact heat transfer through conduction from the shelf, Krad is the radiation heat
transfer to the vial from various sources and Kgas is the component of gas conduction between the
vial bottom and shelf. The contribution of convection has been debated and some previous
calculations [9] have shown that convection can indeed be important. Using the data from [9], the
velocity of water vapor and the chamber pressure for varying shelf gaps can be estimated. Fig 5.1.
shows the velocity of water vapor increasing with decreasing gap between the shelves. Fig 5.2
shows the increasing vapor speed with the sublimation rate.
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Figure 5.1 Vapor flow speed for different shelf gap heights in Lyostar 3

Figure 5.2 Vapor flow speed for different sublimation rates in Lyostar 3
The vapor speed can be approximated theoretically as follows,
𝑈𝑐𝑜𝑛𝑣 =

𝑚̇𝐿𝑠ℎ𝑒𝑙𝑓 𝑃𝑐ℎ
𝑅𝑇ℎ𝑔𝑎𝑝

(24)
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The comparison between CFD obtained vapor speed and theoretical approximation for varying
gap heights and varying sublimation rates is shown in Fig 5.3 and Fig 5.4 respectively.

Figure 5.3 Variation of average edge velocity with the gap height in Lyostar 3

Figure 5.4 Variation of average edge velocity for different sublimation rates in Lyostar 3
The objective of the following work is to obtain a convective vial heat transfer coefficient from
CFD simulations using experimental data and compare with existing vial heat transfer coefficients.
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Approach and Experimental Data
The objective is to estimate the convective vial heat transfer coefficients from CFD
simulations. Pikal et al. [15] conducted a series of experiments to validate a first principal approach
to calculating the edge vial effect in terms of Kv ratios. In this section, the experimental data
collected by Pikal et al. is used to simulate cases in lab scale freeze dryers to estimate the remaining
component of heat transfer – convection. 2 sets of experiments are used and the data is tabulated
in Table 5.1.
Table 5.1 Experimental data for edge and center vial Kv from Pikal et al.
Pc

Ts

𝟏𝟎𝟒 ∆𝑲𝒗

𝑲𝑽 𝑬𝑽 /𝑲𝑽,𝑪

(mTorr)

(°C)

(EXP)/(Calc)

(EXP)/(Calc)

Case A

65

-10

0.9

1.2

1.31

1.44

Case B

100

-10

0.8

1.3

1.35

1.36

The edge and center vial Kv’s for these two cases can be determined from the available. The vials
are filled with 10cc of pure water in 20 cc vials with outer diameter of 3.02 cm. The sublimation
rate inside a vial is related to the product resistance by,
𝑚̇ =

𝐴(𝑃0 −𝑃𝑐ℎ )

(25)

𝑅𝑃

and the vapor pressure of ice is determined by,
𝑃0 = 2.6983 ∗ 10

(−6144.96⁄𝑇

𝑠𝑢𝑏

)

(26)

The product resistance can be fit to the product length with three parameters R0, a1 and a2 as,
𝑎 𝑙

𝑅𝑃 = 𝑅0 + 1+𝑎1

2𝑙

(27)

These equations can be solved numerically by dividing the liquid inside a vial into small slices.
This is done by a Lyocalculator provided by SP Scientific and implemented by Pikal, Bogner and
Labriola.
Using the Lyocalculator and giving inputs of vials, Kv and chamber pressure, the product
temperature and sublimation rate history for edge and center vials can be determined for the two
experimental cases. For pure water, the resistance parameters a1 and a2 are zero and R0 is equal
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to 1. Fig 5.5 shows the sublimation rate per vial and Fig 5.6 shows the ice bottom temperature per
vial for the two cases.

Figure 5.5 Sublimation rate for edge and center vials for case A and B

Figure 5.6 Ice Bottom Temperature for edge and center vials for case A and B
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The number of edge vials in the experiment is 52 and the number of center vials is 110. The total
sublimation rate can be estimated by multiplying individual vial sublimation rates by the number
of vials and a weighted average is taken for the product temperature. Average sublimation rates
are used for the obtaining steady state CFD simulations. Table 5.2 shows the sublimation rate and
product temperature used in CFD.
Table 5.2 CFD inputs for different cases for Lyostar 2
Sublimation Rate (g/hr)

Product Temperature (°C)

Case A

53.3

-38.3

Case B

40.5

-36.7

CFD Setup and Boundary Conditions
The contribution of convective heat transfer to the total vial heat transfer coefficient is
dependent upon the loading pattern and geometry of the freeze dryer. In Lyostar 2 freeze dryer,
whenever just one shelf is loaded, the other shelves may be bundled together and secured near the
thermocouples using special attachments. This increases the gap between the shelves dramatically.
To consider this effect, two different geometries are simulated – All shelves configurations and
Stacked shelves configuration. Fig 5.7. shows the schematic of the two different configurations
with respect to the vial placement on the shelves.

Figure 5.7 Schematic of two different shelf setups for CFD in Lyostar 2
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The vial height is 4.5 cm. Since individual vials cannot be simulated in CFD, a rectangular block
is placed with a thickness equal to the sum of the vial height and shelf dimension. The boundary
conditions are similar to those followed in section 4.

CFD Results and Convective Vial Heat Transfer Coefficient
As discussed before, the velocity of water vapor increases with decreasing shelf gap heights.
The pressure in the chamber will increase locally when the shelf gap is reduced as well. The
variation of pressure is also dependent upon the vapor flow rate. For product uniformity and drying
rates, the local chamber pressure is important. Fig 5.8 show the pressure contours for Case A with
a condenser pressure of 50 mTorr.

Figure 5.8 Pressure contours in the chamber for case A with sublimation rate of 53 g/hr
The local pressure over the vial pack is higher in All Shelves configuration. When all the
shelves are loaded in a lab scale freeze dryer, this will represent the nature of the pressure buildup
locally. However, in many cases while designing a process and using a single shelf, the vials are

53
loaded in the pattern represented by the Stacked Shelves configuration. The pressure variation over
the vial pack is shown in Fig 5.9 which plots the pressure over the vials.

Figure 5.9 Pressure variation over the vial pack for different shelf configurations
The pressure variation is negligible in the Stacked Shelf configuration. The percentage
variation of pressure increases from 2 % to about 4.6% in the All Shelves configuration when the
sublimation rate increases from 40 g/hr to 53 g/hr.
In these non-choked cases, the composition of nitrogen in the chamber is important. In most lab
scale freeze dryers, the temperature of nitrogen is not controlled and may be near the room
temperature. In the CFD simulations, the nitrogen flow rate is assumed to be at 25°C. The
temperature and percentage of nitrogen in the product chamber will be a major factor that
influences the convective vial heat transfer coefficient. Fig 5.10 shows the mass fraction of water
vapor in the chamber for different shelf configurations. Table 5.3 lists the percentage of nitrogen
at the duct exit from CFD simulations for the two cases.
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Figure 5.10 Mass fraction of water vapor for case A with sublimation rate 53.3 g/hr and chamber
pressure 65 mTorr
Table 5.3 Nitrogen composition at the duct exit of Lyostar 2 for different cases
Chamber Pressure

Condenser

All shelves

Stacked Shelves

(mTorr)

Pressure (mTorr)

configuration

configuration

%𝑁2

%𝐻2 𝑂

%𝑁2

%𝐻2 𝑂

65

50

23.66

76.34

23.7

76.3

100

95

7.44

92.56

8.68

91.32

From the vapor speed and pressure map over the shelves, the local Nusselt number can be
calculated from empirical heat transfer relation over a flat pate as follows,
𝑁𝑢 =

ℎ𝐿
𝑘𝑖𝑐𝑒

= 0.664𝑅𝑒𝐿0.5 𝑃𝑟 0.33

(28)

where ReL is the Reynolds number calculated based upon the length of the shelf. In this case, the
shelf is assumed to be a flat plate with unidirectional flow. This is a good assumption since the
shelf supports will cause the vapor to flow in only one direction. The Prandtl number for water
vapor is 0.71. Using the flow solution over the flat plate, the local Reynolds number and Nusselt
number can be calculated.
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Can a parallel be drawn between the vial heat transfer coefficient and the convective heat transfer
component? The total heat transfer through convection is defined as,
𝑄𝑐𝑜𝑛𝑣 = ℎ𝐴𝑣𝑖𝑎𝑙 (𝑇𝑣𝑎𝑝𝑜𝑟 − 𝑇𝑣𝑖𝑎𝑙−𝑠𝑢𝑏 )

(29)

And the convective vial heat transfer component is defined as,
𝑄𝑐𝑜𝑛𝑣 = 𝐾𝑣−𝑐𝑜𝑛𝑣 𝐴𝑣𝑖𝑎𝑙 ∆𝑇

(30)

From these two equations, an apparent correlation between the convective heat transfer coefficient
and the Kv component of convection is visible. Thus, from the CFD calculations, the resulting h
is taken to be the convective vial heat transfer coefficient.
Thus, the total contribution to the vial heat transfer coefficient is,
𝐾𝑣 = 𝐾𝑔𝑎𝑠 + 𝐾𝑟𝑎𝑑 + 𝐾𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝐾𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

(31)

where the gas component is defined as,
𝑐𝑎𝑙

𝐾𝑔𝑎𝑠 = 0.00332. 𝑃(𝑇𝑜𝑟𝑟) 𝑠−𝐾𝑐𝑚2

(32)

Using the CFD solution, the convective Kv’s are calculated and shown in Fig 5.11.

Figure 5.11 Convective Heat Transfer Coefficient over the vial pack
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The convective component of Kv increases with increasing sublimation rate and vapor speed.
From the Stacked Shelf configuration and the All Shelf configuration the maximum Kv convection
increases from 1.4 to 1.64. The convective component can be compared with other heat transfer
components of Kv for case B with a chamber pressure of 100mTorr from the available
experimental data, where Krad = 1.53*10-4 cal/g/s/cm2, Kgas = 3.32*10-4 cal/g/s/cm2 and Kconvection
can be obtained from Fig 5.11. Thus, the total contribution of convection to the vial heat transfer
coefficient can range between 20.6 to 25.3%.
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6. CONCLUSIONS AND FUTURE WORK

Freeze drying problems relating to equipment capability, process monitoring and convection
effects are solved here. These problems are of academic and industrial interest to help optimization
of the freeze drying process. Using computational models and experimental approaches, the
critical design and process parameters are identified.
Equipment Capability is an important component of the design space. In the industry,
different experimental protocols such as the Choked Point Flow and Minimum Controllable
Pressure Test exist, which we have shown to yield the same equipment capability curve.
Experimental approaches can take much longer than numerical simulations, with a minimum
controllable pressure test requiring up to 12 hours for 7-8 data points. With increasing accuracy
and reliability of CFD models, the number of required to characterize a freeze dryer can be reduced.
For Lyostar 2, the difference between experiments and CFD was 4.8% on average. This difference
is reasonable since the TDLAS might have an error between 3-5%. The valve increases the
pressure in the chamber by 23.7 % on average. The placement of the valve is also important with
the chamber pressure increasing by 13.9% on average when the valve is moved from near the exit
towards the center. This information can be important while designing future lyophilizers.
The geometric parameters such as the valve and duct are found to have a significant impact
on the equipment capability and operation of lab scale freeze dryers. It can be safely assumed that
these effects will also be important in production freeze dryers where maintaining the chamber
pressure control is critical for accepting a batch of drug products. The ice formation seen during
equipment capability tests also indicate that the duct extension is helpful in ensuring a uniform
distribution of ice on the condenser coils. Without the use of duct extension, at lower sublimation
rates, the ice formation might block the duct and thus result in incorrect process design at lab scale,
which can affect process scale up and technical data transfer to manufacturing operations. The
pressure drop across the duct can be improved by changing the duct design and widening the cross
sections near the duct exit to the condenser. CFD can also be a useful tool in the design of freeze
dryers to give a first look at equipment capability curves and flow in a freeze dryer.
Two methods are discussed to monitor the sublimation rate in lab scale freeze drying
processes. Although ice slab tests were conducted to check the validity of these methods, they can
be extended to processes which use vials. The limitation of gravimetric testing methods are
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apparent when conducting ice slab tests in production freeze dryers where the shelf areas are of
the order of tens of square meters. This setup is expensive and time consuming. TDLAS method
works well in lab scale with a low error percentage which can be verified by gravimetric tests. It
has been known to have a higher error percentage in the range of 20% while monitoring
sublimation rate in production freeze dryers. The Soft Sensor approach which relies on a CFD
model can adapt to lab and production scale freeze dryers and improved CFD models improve the
accuracy of measurement. The placement of pressure sensors in the freeze dryer can also improve
the CFD model since it uses these as input parameters. Future work can include testing of pure
water and formulations in product vials.
A method based on heat flux measurement is also discussed where the maximum difference
between CFD and Heat flux based sublimation rate is 16%. This method can be reliable when
multiple heat flux sensors are deployed on the shelves of a freeze dryer. However, issues with
sterility and compliance with regulatory guidelines needs to be checked. Using theoretical
expression for choked and non-choked flow through a pipe, the sublimation rates can be obtained.
However, these are not reliable since the flow is neither fully developed nor is the geometry
simplistic. The theory from Heldner [20] uses some approximations specifically aimed at
calculating the sublimation rate in for freeze dryers. Coupling this with experiments to calculate a
discharge coefficient, gives a value for Lyostar 3 within the range of 0.24-0.25 for all sublimation
rates and fixed parameters. This can be helpful to monitor the sublimation rate in different freeze
dryers by assigning them a specific discharge coefficient.
The contribution of convection to the total heat transfer in product vials during primary
freeze drying has to be determined. This can help calculate the vial heat transfer coefficients using
first principle equations and CFD models. Using lab scale freeze dryers, the convection
contribution can be as high as 25.3%. The convective heat transfer coefficient will increase with
increasing water vapor speed which can reach up to 37m/s for small gap heights. This can be
achieved in actual freeze drying runs when vials such as 20R and 30R are used. Further studies
can still be conducted in different freeze dryers and different vial loading patterns.
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APPENDIX

The experimental data for Lyostar 2 from experiments conducted at Baxter and from Patel
et al. [6] used for the CFD simulations is included here.
Table 6.1 Experimental data for Baxter Case 1
Chamber
Pressure

Shelf

Condenser

Temperature Temperature

Flow Rate
g/hr

Sublimation
Temperature

mTorr

C

C

C

55

-22

6

136.80

-45.1502654

58

-20

6

145.44

-44.6968055

80

-12

10

223.20

-41.9120784

85

-10

11

243.00

-41.3794814

102

-4

10

309.24

-39.7628704

107

-2

10

327.96

-39.3347966

113

0

10

347.40

-38.8448448

120

2

9

374.40

-38.3027158

128

4

9

392.40

-37.7177872

137

6

5

439.20

-37.0987764

146

8

4

471.60

-36.5162066

154

10

4

507.60

-36.0255391

156

14

14

518.40

-35.90655

160

16

3

536.40

-35.6727337

162

18

3

547.20

-35.5578399

164

20

3

554.40

-35.4442468

166

26

3

558.00

-35.3319239

60
Table 6.2 Experimental data for Baxter Case 2
Chamber
Pressure

Shelf

Condenser

Temperature Temperature

Flow Rate
g/hr

Sublimation
Temperature

mTorr

C

C

C

78

-12

19

205.20

-42.1337755

90

-3

6

250.56

-40.8750837

98

-2

6

287.28

-40.1195185

108

0

11

320.40

-39.251404

112

2

12

338.04

-38.9248095

121

5

14

374.40

-38.2276646

130

7

14

406.80

-37.5768346

139

9

14

442.80

-36.9663279

145

13

16

478.80

-36.5792745

155

13

16

514.80

-35.9658675

166

16

17

558.00

-35.3319239

170

18

18

583.20

-35.1109725

181

21

15

626.40

-34.527191

188

23

16

651.60

-34.1724959

205

25

12

727.20

-33.35933

217

29

17

781.20

-32.8219456

221

29

17

810.00

-32.6488915

234

31

14

867.60

-32.1057331

244

32

13

914.40

-31.706515

250

38

15

972.00

-31.4741574

260

51

14

961.20

-31.0980692

272

54

15

1008.00

-30.663958

279

56

17

1026.00

-30.4188009
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Table 6.3 Experimental data for Baxter Case 3
Chamber
Pressure

Shelf

Condenser

Temperature Temperature

Flow Rate
g/hr

Sublimation
Temperature

mTorr

C

C

C

30

-35

1

47.52

-50.2008599

53

-20

9

115.56

-45.4654654

54

-10

4

118.08

-45.306515

76

-10

26

190.08

-42.3607903

78

0

15

200.16

-42.1337755

86

5

7

230.40

-41.2764474

103

5

28

295.20

-39.6757283

112

10

11

326.88

-38.9248095

154

25

61

471.60

-36.0255391

164

25

16

529.20

-35.4442468

206

40

20

705.60

-33.3134557

209

40

13

712.80

-33.1770537

259

55

13

932.40

-31.135073

269

62

54

961.20

-30.7708076

285

62

21

1080.00

-30.2131313

312

62

107

1177.20

-29.3343045

327

62

100

1382.40

-28.8758759

350

62

156

1429.20

-28.2092114

404

62

201

1717.20

-26.7899565

438

62

371

1407.60

-25.9834173

495

62

430

1890.00

-24.7522011

500

62

430

885.60

-24.6505092

598

62

543

874.80

-22.8254697

600

62

540

943.20

-22.791169

62
Table 6.4 Experimental data from Patel et al. [6]
Chamber
Pressure

Shelf

Condenser

Temperature Temperature

Flow Rate
g/hr

Sublimation
Temperature

mTorr

C

C

C

60

-23

27

137.88

-44.4064045

75

-18

38

169.56

-42.4763763

100

-7

40

282.24

-39.9395474

125

8

53

378.00

-37.9330743

150

13

59

453.60

-36.2678554

200

30

67

676.80

-33.5918406

63
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